Some antidepressant agents generate differential benefit based on gender. Blocking cholinergic muscarinic receptors using scopolamine produces robust and rapid antidepressant effects in males and females combined. This study evaluated if males and females differ in the antidepressant response magnitude following scopolamine administration. A total of 52 male and female outpatients meeting criteria for recurrent major depressive or bipolar disorder participated in a double-blind, randomized, placebo-controlled, crossover clinical trial involving seven i.v. infusions of placebo or scopolamine (4 mg/kg). Following a single-blind placebo lead-in, participants entered either a placebo-block/scopolamine-block or a scopolamine-block/placebo-block sequence. Each block included three sessions. Clinical ratings were acquired before each infusion and included the Montgomery-Asberg Depression Rating Scale (MADRS) and the Hamilton Anxiety Rating Scale (HAM-A). A treatment group Â block interaction (F ¼ 21.0, po0.001) was observed in MADRS scores across gender, and the reduction was significant by the evaluation following the first scopolamine administration (F ¼ 8.4, p ¼ 0.006). The treatment group Â block interaction was also significant in males (F ¼ 3.8, p ¼ 0.043) and females (F ¼ 35.6, po0.001) separately. A block Â gender interaction (F ¼ 7.4, p ¼ 0.009) indicated that the response magnitude was larger in women. The treatment Â block interaction was significant for the HAM-A across gender (F ¼ 12.0, po0.001), and was significant for females (F ¼ 24.9, po0.001) but not for males (F ¼ 1.3, p ¼ 0.30). When comparing the baseline block to study end, the block Â gender interaction (F ¼ 12.6, p ¼ 0.001) showed that the antianxiety response was greater in women. Men and women show a rapid antidepressant response following scopolamine, but the magnitude of response is larger in women than in men.
INTRODUCTION
Major depressive disorder (MDD) is reported twice as often in women when compared with men (Goodnick et al, 2000) . The basis for this gender difference remains unclear. Some propose that women are more willing to seek help and to report symptoms than are men (see review Frackiewicz et al, 2000) , leading simply to a reporting bias. Others have suggested that gender-specific influences of socialization, acute stressors, or sexual assault may explain the higher prevalence of depression in women (Frackiewicz et al, 2000) . Finally, biological theories suggest that differences in brain structure and/or function underlie the difference in prevalence. For example, estrogen and progesterone may influence depressive symptoms in women as these hormones modulate levels of serotonin, norepinephrine, acetylcholine, and monoamine oxidase (Benmansour et al, 2009; Gupta et al, 2007; Sell et al, 2008; Zhang et al, 2006) . Further evidence for the implication of these hormones in depression comes from studies showing that the incidence of depression is greater in women than in men during the reproductive years, but after menopause when levels of estrogen and progesterone remain low, the incidence of depression in women becomes less than that seen in men (Bebbington et al, 1998; Bland et al, 1988) . Moreover, women experience an increased risk of a depressive episode in relation to hormonal triggers associated with reproductive events, including the premenstrual or postpartum periods (Steiner et al, 2003; Yonkers, 2003) . Together, these findings support a biological contribution to the observed gender difference in the prevalence of depression.
Although this point remains contested (Hildebrandt et al, 2003; Pinto-Meza et al, 2006; Quitkin et al, 2001 ), a literature exists that argues that men and women respond differently to antidepressant pharmacotherapies. When differences are reported, women showed an enhanced response to selective serotonin reuptake inhibitors (SSRIs) vs either the selective norepinephrine reuptake inhibitor, reboxetine, or the tricyclic antidepressants imipramine and maprotiline (which predominantly inhibits norepinephrine transporters), whereas men showed a better response to imipramine vs SSRI and no difference in their response to reboxetine or maprotiline vs SSRI (Berlanga and FloresRamos, 2006; Kornstein et al, 2000; Martenyi et al, 2001 ). Moreover, gender-based differences in response to SSRIs seen in premenopausal women are absent in postmenopausal women (Berlanga and Flores-Ramos, 2006; Kornstein et al, 2000; Martenyi et al, 2001) . The evidence that estrogen has a role in the regulation of the serotonergic system (Rubinow et al, 1998) is consistent with the findings that the enhanced response outcome to SSRIs is specific to premenopausal women. If in fact the response to antidepressant agents differs based on gender, this observation would provide additional support for the hypothesis that the difference in the prevalence of depression is biologically based, and would further suggest that men and women tend toward differences in the underlying neurobiology of a similar symptom complex.
An insight into the underlying neurobiology of depression and mechanistic explanations for diagnostic subgroups will benefit from expanding our knowledge and understanding of gender differences. Recently, we reported that the antimuscarinic agent, scopolamine, produced rapid and robust antidepressant effects in currently depressed male and female patients with MDD or bipolar disorder (BD) (Drevets and Furey, 2010; Furey and Drevets, 2006) . The purpose of this study was to determine if gender-based differences exist in the antidepressant response to scopolamine.
MATERIALS AND METHODS

Participants
Volunteers between 18 and 45 years of age evaluated at the NIMH outpatient clinic were assessed for eligibility if they denied current nicotine use and met Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR; American Psychiatric Association, 2000) criteria for recurrent MDD or BD, based upon an unstructured interview conducted by a psychiatrist and the Structured Clinical Interview for DSM-IV-TR (First et al, 1997) . Exclusion criteria included exposure to psychotropic or other medications likely to affect CNS or cholinergic function within 3 weeks (8 weeks for fluoxetine), suicidal ideation, delusions or hallucinations, lifetime history of substance dependence or substance abuse within 1 year, medical or neurological disorders, abnormal electrocardiogram or blood pressure, narrow angle glaucoma, hypersensitivity to anticholinergic agents, hepatic dysfunction, electrolyte disturbance, HIV or hepatitis viral infection, or weight 4125 kg. Pregnant or nursing females were also excluded.
Study Design
During each of seven sessions, subjects received a 15-min intravenous (i.v.) infusion of either a placebo (P) saline solution, or 4.0 mg/kg of scopolamine (S). A single-blind, lead-in session was used in which all subjects received a placebo infusion. As psychiatric assessments were obtained before session infusions, the lead-in placebo in session 1 allowed for a second baseline assessment to be obtained in session 2, before the session 2 infusion. Subsequently, individuals were randomized into either a P/S or S/P double-blind, placebo-controlled, crossover design, whereby P constituted a block of three sessions during which participants received placebo and S comprised a block of three sessions during which participants received scopolamine (Figure 1 ). Follow-up interviews were obtained to provide the final assessment. Sessions were scheduled 3-5 days apart. Non-pregnancy was established before each session. Randomization sequences were determined by the NIH outpatient pharmacy and assigned by subject number at the time of consent. All staff involved in the administration of the infusion and the session assessments remained blind to allocation until participants completed the study.
Assessment
Before each infusion, psychiatric interviews were completed using the Montgomery and Asberg Depression Rating Scale (MADRS) (Khan et al, 2002) , Hamilton Anxiety Rating Scale (HAM-A) (Hamilton, 1959) , Young Mania Rating Scale (YMRS) (Young et al, 1978) , and Clinical Global Impressions-Improvement (CGI-I) (Khan et al, 2002) scales. Visual analog scales (VAS) and the Profile of Mood State (POMS) (McNair et al, 1971) were administered at baseline and at 20, 60, 120 (VAS only), and 150 min relative to infusion start time, and blood samples were obtained at baseline and at 30, 45, 60, 90, 120 , and 150 min relative to infusion start time.
Outcome Measures
The antidepressant and antianxiety responses to scopolamine were evaluated by assessing changes in MADRS and HAM-A scores, respectively. The CGI assessed overall clinical improvement. Secondary outcome measures included the VAS and the POMS to assess acute changes Figure 1 Blocked experimental design reflecting infusion series and assessment sessions for each of the two randomized patient groups. In block I, participants received a series of three infusions of either placebo or scopolamine; in block II, participants again received a series of three infusions and were crossed over to scopolamine or placebo.
in mood within each session. The YMRS was obtained to assess the possible development of manic symptoms.
Patients were characterized as achieving (Nierenberg and DeCecco, 2001 ): (1) full response (X50% reduction in MADRS score from baseline); (2) partial response (o50% but X25% reduction); or (3) nonresponse (o25% reduction). Patients achieving remission (post-treatment MADRS score p10) were also identified.
Scopolamine Assay
Blood samples were centrifuged at 3000 r.p.m. and 4 1C for 10 min, and the plasma transferred to polypropylene tubes, frozen, and stored at À70 1C until analysis. Scopolamine plasma levels were determined by CANTEST BioPharma Services, a Division of CANTEST (Burnaby, BC, Canada). Area under the curve (AUC) concentration from 30 to 150 min was estimated for each session. Repeated measures ANOVA (RM ANOVA) was used to evaluate session differences across genders, and between-group differences evaluated overall gender effects on AUC. As samples were processed in three different batches, batch was included as a covariate.
Data Analysis
A treatment group (P/S vs S/P) Â assessments RM ANOVA was performed to evaluate differences in change in MADRS, HAM-A, CGI-I, VAS, and the POMS. To provide a balanced design allowing for group Â study block Â repeated measures analyses, MADRS data were separated into a baseline block (assessments 1 and 2), and two experimental blocks. For each experimental block, the first and last measures were included in the analysis, so that experimental block I included assessments 3 and 5, and experimental block II included assessments 6 and follow-up. The treatment group Â block analyses were used to test the hypotheses that scopolamine produces greater reductions in MADRS and HAM-A scores than placebo. When the RM ANOVA was significant, we calculated post hoc between-and withingroup t-tests in planned comparisons to identify significant effects on the outcomes measures in the presence of significant overall ANOVAs. Speed of response onset was evaluated using t-tests to compare the first assessment following the first scopolamine administration relative to placebo assessments for both the S/P and the P/S treatment groups. Paired t-tests were used to test the hypothesis that scopolamine reduced symptoms of depression and anxiety as indicated by within-group changes in clinical rating scores, and independent t-tests were used to test the hypothesis that the change in scale scores is greater during scopolamine than during placebo.
Treatment group Â assessment RM ANOVA analyses were then performed within gender to characterize drug effects separately. Gender-based differences in the magnitude of treatment response were evaluated on the MADRS, HAM-A, CGI-I, VAS, and POMS by comparing the baseline block (assessments 1 and 2) with study end assessments (last 2 assessments). The w 2 was used to determine if the response rates observed following scopolamine treatment differed between men and women. Gender-based differences in scopolamine response were also considered regarding frequency of side effects using w 2 , and magnitude of change in vital signs using RM ANOVA.
Secondary analyses using RM ANOVA were performed to evaluate the influence of diagnostic subgroups on treatment response to rule out the possibility that such subgroups were driving the observed gender effects. Subgroups included MDD vs BD, and presence vs absence of comorbid anxiety disorder.
RESULTS
Patient Characteristics
Outpatients were recruited from May 2004 through February 2010 at the NIMH (Supplementary Figure 1) . Of 113 subjects assessed for eligibility, 59 were excluded for not meeting entrance criteria (n ¼ 24) or refusing to participate (n ¼ 35). In all, 54 patients met the entrance criteria and were randomized into treatment. One subject withdrew following the first infusion (single-blind placebo), and one subject dropped out after randomization but before session 1, and hence these two subjects did not contribute any data to the analysis. Of the remaining 52 patients, 27 patients were randomized into the P/S group, including 15 females and 12 males, and 25 into the S/P group, including 16 females and 9 males. Thus, a total of 52 participants received the intended treatment, completed the protocol, and were included in all analyses. Data for 40 of these 52 participants were included in two previous publications (Drevets and Furey, 2010; Furey and Drevets, 2006) . In cases where follow-up interviews could not be obtained for the assessment following session 7 (n ¼ 8), analyses were performed using the last observation carried forward (LOCF). The characteristics of the treatment groups separated by gender are shown in Table 1 . The P/S and S/P groups did not differ at baseline in MADRS (F ¼ 0. 
Mean age+SD 31.2 ± 7.6 35.7 ± 7.6 30.0 ± 9.1 32. Baseline HAM-A ± SD 20.0 ± 6.5 22.6 ± 7.6 16.6 ± 6.9 19.2 ± 9.7
Chronic illness (42 years) 8 9 7 7
Comorbid anxiety 3 7 6 4
Outcome Indices Mean ( ± SD) MADRS scores for the two treatment groups across all eight evaluations appear in Figure 2a in the groups combined across gender. The RM ANOVA showed a significant treatment group Â block interaction (F ¼ 21.0, po0.001) (see Supplementary Materials for more detail). The treatment group Â block interaction on MADRS scores showed a similar pattern as described above when considering men (F ¼ 3.8, p ¼ 0.043) and women (F ¼ 35.6, po0.001) separately (Figure 2b and c), indicating that both men and women showed significant improvement in depression severity following scopolamine treatment.
Regarding changes from the baseline to experimental block I in men alone, the S/P group showed a within-group reduction in depression severity (F ¼ 15. (Figure 2d) .
In an effort to determine if diagnostic subgroups distributed differently across males and females are driving the gender effect on the magnitude of improvement on MADRS scores, we also considered antidepressant response relative to primary diagnosis (ie, MDD or BD) and to the presence of comorbid anxiety disorders by comparing the baseline block to study end. No effect of block Â diagnosis (F ¼ 0.12, p ¼ 0.67) or block Â comorbid anxiety disorder (F ¼ 0.07, p ¼ 0.80) was observed, nor did we see a block
Table 2 provides a summary of response outcome. By study end, 22 of 31 females experienced a full response (71%) and 18 of 31 females experienced remission of symptoms (58%), whereas 9 of 21 males showed a full response (42%) and 6 of 21 males experienced remission of symptoms (28%). At study end, 4 of 31 females showed nonresponse relative to baseline measures (13%), whereas 7 of 21 males showed nonresponse (33%). The proportion Larger antidepressant effects in women ML Furey et al of men and women who showed a full response (vs a partial or nonresponse) differed (w 2 ¼ 4.11, po0.05), with a larger proportion of women showing a full response following treatment with scopolamine. Similarly, the proportion of men and women who showed nonresponse (vs partial or full) to scopolamine trended toward significance (w 2 ¼ 3.13, po0.07), with a larger proportion of men showing nonresponse to scopolamine than women.
The HAM-A scores showed a treatment group Â block interaction when the gender data were combined (F ¼ 12.0, po0.001), and this interaction was significant when considering only females (F ¼ 24.9, po0.001) but not significant for only males (F ¼ 1.3, p ¼ 0.30). The females in the S/P group showed a reduction in HAM-A in the first experimental block relative to the baseline block (F ¼ 57.9, po0.001) and this change differed from the change observed in the P/S group (F ¼ 21.6, po0.001), suggesting that the reduction observed in the S/P group exceeded the change seen during placebo. This reduction was significant with the first evaluation in experimental block 1 when compared with baseline (t ¼ 5.3, po0.001). When comparing the baseline block to study end, the block Â gender interaction was significant (F ¼ 12.6, p ¼ 0.001), indicating that the antianxiety response was greater in women than in men (Figure 3) .
To evaluate the possibility that subgroups are driving the gender effect on the improvement in HAM-A scores, we also analyzed response magnitude relative to diagnosis and comorbid anxiety disorders. No effect of block Â diagnosis (F ¼ 0.84, p ¼ 0.44) or block Â comorbid anxiety disorder (F ¼ 1.3, p ¼ 0.30) was observed. No block Â diagnosis Â gender interaction was observed (F ¼ 1.1, p ¼ 0.33), or a block Â comorbid anxiety Â gender interaction was observed (F ¼ 1.8, p ¼ 0.18).
Mean CGI-I scores are shown for the two treatment groups in Figure 4a . A treatment group Â assessment interaction was observed (F ¼ 7.9, po0.001). The RM ANOVA also showed a treatment group Â block interaction (F ¼ 22.2, po0.001) (see Supplementary Materials for more details). The treatment group Â block interaction was significant for women alone (F ¼ 39.5, po0.001; Figure 4b ), and although this interaction was also significant for men alone (F ¼ 4.6, p ¼ 0.046); Figure 4c ), the treatment groups did not differ significantly at any single time point (p40.10; with a trend in the final time point, p ¼ 0.08). Within females, the two treatment groups differed in the first evaluation in block I and this change in CGI-I score was greater in the S/P group when compared with baseline (F ¼ 8.7, p ¼ 0.006). Similarly, considering the transition from experimental block I to block II using evaluations 5 and 6, the P/S group shows an improvement in CGI-I that is larger than the change seen in the S/P group (F ¼ 14.6, p ¼ 0.001). Comparing baseline to study end, a block Â gender interaction is seen (F ¼ 5.8, p ¼ 0.02), indicating that overall clinical improvement was larger in women than in men (Figure 4d ).
Autonomic measures during placebo and scopolamine, as well as changes in autonomic measures during scopolamine relative to placebo, were evaluated. As systolic blood pressure trended toward being higher overall in males (F ¼ 3.6, p ¼ 0.06) and specific time points were significantly higher in males vs females under placebo (time point 5, t ¼ 2.7, p ¼ 0.01; time point 8, t ¼ 2.4, p ¼ 0.02), the analyses to determine scopolamine effects were performed on values reflecting delta in systolic blood pressure, so that systolic blood pressure during placebo was subtracted from systolic blood pressure during scopolamine. The change in systolic blood pressure observed on scopolamine relative to placebo did not differ based on gender (F ¼ 0.12, 
Remission is a subgroup of responders, so that only the values pertaining to response sum to 100%. p ¼ 0.73), although the difference at time point 5 was significant (t ¼ 2.2, p ¼ 0.03). This effect was likely driven by the elevated measure obtained during placebo for time point 5 in males (reported above). Diastolic blood pressure also tended to be higher in males (F ¼ 2.9, p ¼ 0.09), and specific time points were significantly higher in males vs females under placebo (time point 5, t ¼ 2.40, p ¼ 0.02; with trend level significance at time point 2, t ¼ 1.9, p ¼ 0.07; and time point 3, t ¼ 2.0, p ¼ 0.052), and thus the scopolamine effect was evaluated based on delta. The change in diastolic blood pressure during scopolamine relative to placebo showed no gender (F ¼ 1.7, p40.20) or gender Â time (F ¼ 0.80, p40.20) effect. No gender difference was measured in heart rate during placebo (F ¼ 2.7, p ¼ 0.10), and no drug Â gender (F ¼ 0.43, p40.20) or drug Â gender Â time point interaction (F ¼ 0.84, p40.20) was observed. No gender-based difference in the change in heart rate during scopolamine relative to placebo was observed (F ¼ 0.93, p40.20) .
Scopolamine was well tolerated and resulted in no medically serious adverse events. The frequency of reported side effects is presented in Table 3 . No gender-based difference in the frequency of any side effect was observed (p40.10), except for fatigue where men reported fatigue more than women under placebo and scopolamine 
DISCUSSION
The results of this study demonstrate that men and women show a rapid antidepressant response following scopolamine, but the mean reduction in depression ratings was larger in women than in men. Scopolamine produced improvement in depression severity by the first assessment following the first administration of the drug in both gender groups; thus, the rapidity of the antidepressant response was comparable, but by study end the magnitude of response was greater in females than in males. In addition, a larger proportion of women showed a response to scopolamine (71%) than did men (38%), and thus the greater improvement was driven partially by the larger proportion of women who responded to scopolamine. The absence of significant differences in the antidepressant response magnitude between MDD and BD diagnostic subgroups, as well as the absence of differences between patients with and without comorbid anxiety disorder, indicates that no such underlying subgroup effects are driving gender-based differences. Moreover, there was no interaction between these diagnostic subtypes and gender, further supporting the conclusion that the observed effects are based on gender differences and are not spurious findings driven by other factors.
A robust antianxiety response was observed exclusively in females, with males showed no significant improvement in anxiety ratings associated with drug administration (although this effect in males might become significant with a larger sample size). Thus, women show scopolamineinduced improvement in both the depression severity and anxiety, whereas men show modest improvement in depression severity.
The cholinergic system has been implicated in depression for decades by a variety of types of evidence (Janowsky et al, 1972 (Janowsky et al, , 1983 (Janowsky et al, , 1994 Janowsky and Overstreet, 1990) , and has resurfaced as a potential target for novel therapeutics (Furey and Drevets, 2006; Janowsky et al, 1994; Overstreet et al, 1996 Overstreet et al, , 1998 . For example, in addition to the recent demonstration that this antimuscarinic agent has rapid antidepressant effects, several types of evidence suggest that muscarinic cholinergic receptor sensitivity is increased in the depressed phases of MDD and BD (Janowsky and Overstreet, 1990; Janowsky et al, 1994; Riemann et al, 1994b) . Compatible with the findings of the current study, functional sex differences have been reported in baseline and cholinergically stimulated plasma hormone measures between major depressives and matched controls that suggest that heightened cholinergic sensitivity exists in premenopausal female, but not in male, patients with MDD (Riemann et al, 1994a; Rubin et al, 1999 Rubin et al, , 2003 . Moreover, both functional neuroimaging (Cannon et al, 2006) and genetic (Comings et al, 2002) studies have implicated type 2 muscarinic cholinergic (M2) receptors in affective disorders. Specifically, Cannon et al (2006) reported that the distribution volume of the [ 18 F]FP-TZTP, a PET radioligand that is relatively selective for M2 receptors, was reduced in bipolar depressives relative to controls, although the sample size was too small to permit assessment of sex effects. In unipolar depression, Wang et al (2004) showed associations between genetic variation in the CHRM2 gene and depression arising in families with an alcohol-dependent proband, whereas Comings et al (2002) found that genetic variation in the 3 0 region of the CHRM2 gene (A/T 1890) was associated with MDD specifically in females. Taken together, these findings highlight the relevance of the muscarinic cholinergic system in depression and also appear complementary to the current report, as gender differences have been associated with both the genetic variation in the CHRM2 gene in MDD and now with the likelihood of experiencing an antidepressant response to scopolamine.
Previously, we proposed that the antidepressant effects of scopolamine may be mediated via interactions involving N-methyl-D-aspartate glutamatergic receptors (NMDARs). Elevated glutamatergic transmission has been associated with the pathophysiology of depression, and a variety of antidepressant treatments have been shown to result in reduced NMDAR function (for review, see Paul and Skolnick, 2003) . The NMDAR gene expression is enhanced by muscarinic receptor stimulation in at least some brain structures (Liu et al, 2004) , and thus the elevated muscarinic receptor sensitivity identified in mood disorders (Janowsky et al, 1994) may contribute to an elevation in NMDAR transmission. Scopolamine administration reduces mRNA concentrations for NMDAR types 1A and 2A in rat brain (Liu et al, 2004) and via this mechanism may reduce NMDAR function.
Although the underlying mechanism that explains gender differences remains unclear, there are indications that hormones may have an important role in modulating the interactions between NMDAR function and M2 receptor stimulation. Estrogen has been shown to modulate the functional state of the cholinergic system by increasing choline acetyltransferase (ChAT) activity and by increasing the release of Ach Pongrac et al, 2004) . Researchers have also demonstrated that estrogen enhances NMDAR function by increasing NMDAR binding, at least in some brain regions, possibly by increasing the density of dendritic spines that express NMDAR (McEwen et al, 2001; Smith et al, 2009; Woolley and McEwen, 1994) . Moreover, Daniel and Dohanich (2001) demonstrated that the influence of estrogen on NMDA receptor function is mediated specifically via M2 receptors.
The interactions among M2 receptors, NMDA receptors, and estrogen may indicate a direction for further study to evaluate the role of the cholinergic system in mood disorders, and the gender-based differences in the prevalence of depression. A variety of types of evidence have suggested that the cholinergic muscarinic receptors are hypersensitive in mood disorders, although the extent to which this finding extends to specific muscarinic subtypes has yet to be established. Nevertheless, if the muscarinic supersensitivity includes M2 receptors, this would be expected to increase NMDA receptor function (either via modulating gene expression and/or by increasing NMDA receptor density), consistent with the current understanding that increased glutamatergic activity is associated with depression. Thus, the reduction of NMDA receptor activity following the antagonism of M2 receptors with scopolamine conceivably could account for the antidepressant effects observed (Liu et al, 2004) . More interesting in the context of the current paper is the role of estrogen in this complex interaction. Estrogen enhances the interaction between M2 and NMDA receptors to boost further NMDA receptor activity, a mechanism that may contribute to the increased prevalence of depression in women, as well as the greater antidepressant response to scopolamine in women than men. By blocking M2 receptors with scopolamine, the influence of estrogen on NMDA receptors presumably would be diminished, which should further reduce NMDAR activity. Although the relation between NMDA receptors and M2 receptors would also apply to mood disorders in men, the influence of estrogen would be substantially smaller and thus the magnitude of change would be reduced.
The muscarinic cholinergic system interacts with other neurotransmitter systems implicated in the pathophysiology of depression that are also influenced by gonadal steroids, and that may alternatively or additionally contribute to sex differences in the antidepressant response to scopolamine. Interactions between the muscarinic cholinergic and serotonergic systems are hypothesized to contribute to the pathogenesis of major depression (Overstreet et al, 1996 (Overstreet et al, , 1998 . Multiple aspects of serotonergic system function are influenced by testosterone, progesterone, and/or estrogen, and these interactions are hypothesized to underlie sex differences in the clinical epidemiology and course of mood disorders (Benmansour et al, 2009; Gupta et al, 2007; Rubinow et al, 1998; Sell et al, 2008; Zhang et al, 2006) . Such interactions conceivably may influence cholinergic-serotonergic interactions in a way that modulates antidepressant responses to scopolamine.
Similarly, catecholaminergic neurotransmitter systems have been implicated in the pathophysiology of mood disorders, and testosterone, progesterone, and/or estrogen have been shown to modulate catecholamine synthesis, release, degradation, and/or transport (Alonso-Solis et al, 1996; Lester et al, 2010; Thompson and Certain, 2005; Zhang et al, 2006) . The muscarinic cholinergic system interacts with catecholaminergic neurotransmitter function such that alterations in the balance between systems may have major roles in the pathophysiology of mood disorders (Janowsky et al, 1972 (Janowsky et al, , 1983 Lester et al, 2010; Sarter et al, 1999) . For example, reduced dopaminergic receptor transmission is hypothesized to underlie the impairment of reward seeking and motivated behavior in depression (reviewed in Drevets et al, 2008) . Increased muscarinic receptor sensitivity in depression would be expected to result in reduced striatal dopaminergic release (Hartvig et al, 2002) . In addition, ovarian steroids exert an antidopaminergic effect at both the pituitary and striatal levels, whereas androgens can reverse these effects (Alonso-Solis et al, 1996; Dluzen and Ramirez, 1989; Labrie et al, 1980) . Thus, females conceivably may develop more prominently reduced dopaminergic transmission in association with muscarinic receptor supersensitivity than males. If so, then conversely females would be expected to show enhanced improvement in response to muscarinic antagonist administration than males. In summary, although the mechanisms underlying sex differences in the antidepressant response to scopolamine remain unclear, the prominent influence that gonadal steroids exert on a variety of neurobiological systems suggests that these mechanisms involve complex interactions involving multiple neurotransmitter systems.
Several features of the sample selection limit the generalizability of the current findings. First, the sample was relatively small for the male participants. Second, both elderly and pediatric subjects, and current nicotine users, were excluded from participation in the study, and thus the findings may not generalize to such cases. Smokers were excluded from participation because of concern regarding possible functional interactions between the muscarinic and nicotinic cholinergic receptor systems that could potentially influence the antidepressant effect of scopolamine. Finally, we used a single regimen for the administration of scopolamine.
The finding that males show a reduced antidepressant response to three pulses of scopolamine at 4 mg/kg i.v. may highlight the need to determine if males would experience added benefit from increasing the number of administrations or by using a larger dose of scopolamine. The dose used in this study varied based on body weight, but was the same for males and females. Future studies should focus on the evaluation of slightly higher doses of scopolamine in men.
